The physical mechanisms and molecular-level picture of laser-induced material ejection from frozen solutions of polymer molecules in a volatile matrix are investigated in a series of coarse-grained molecular dynamics simulations. The simulations are performed for polymer concentrations up to 6 wt % and laser fluences covering the range from the regime where molecular ejection is limited to matrix evaporation from the surface up to more than twice the threshold fluence for the onset of the collective molecular ejection or ablation. The results of the simulations are related to experimental observations obtained in matrix-assisted pulsed laser evaporation ͑MAPLE͒ thin film depositions and are used to address unresolved research questions that are of direct relevance to MAPLE performance. Contrary to the original picture of the ejection and transport of individual polymer molecules in MAPLE, the simulations indicate that polymer molecules are only ejected in the ablation regime and are always incorporated into polymer-matrix clusters/droplets generated in the process of the explosive disintegration of the overheated matrix. The entanglement of the polymer molecules facilitates the formation of intricate elongated viscous droplets that can be related to the complex morphologies observed in polymer films deposited by MAPLE. Analysis of the state of the irradiated target reveals a substantial increase of the polymer concentration and complex surface morphology generated in the new surface region by the ablation process. The ramifications of the computational predictions for interpretation of experimental data and the directions for future experimental exploration are discussed based on the physical picture of molecular ejection and transport in MAPLE emerging from the simulations.
I. INTRODUCTION
Matrix-assisted pulsed laser evaporation ͑MAPLE͒ is a technique developed with a goal of achieving a soft molecule-by-molecule deposition of high-quality ultrathin organic, bioorganic, and composite films with minimum chemical modification of the target material. [1] [2] [3] [4] [5] [6] In this technique, the laser target is prepared by dissolving the material to be deposited in a volatile solvent ͑matrix͒ that readily absorbs laser light. A homogeneous dilute solution ͑typically up to several wt %͒ is then frozen and placed into a vacuum chamber for deposition. In MAPLE deposition of polymer films, short pulse laser irradiation of the target results in a collective ejection or ablation of the matrix which entrains the polymer molecules along into the plume. The ejected polymer molecules are deposited on a substrate, whereas the volatile solvent molecules are pumped away from the deposition chamber. Since most of the laser energy is absorbed by the volatile matrix rather than polymer molecules, the photochemical decomposition of polymers can be minimized or even completely eliminated. Moreover, since the ablation onset in MAPLE is defined by the thermodynamic parameters of the volatile solvent rather than the polymeric material, deposition can proceed at significantly lower, as compared to the conventional pulsed laser deposition ͑PLD͒ technique, energy densities, minimizing thermal decomposition of the polymer molecules. First investigations have demonstrated that with an appropriate choice of experimental parameters ͑laser wavelength, fluence and pulse duration, type of solvent, target and substrate temperature, and background gas pressure͒ MAPLE is capable of providing conditions for "soft" ejection and deposition of polymer and biological molecules without significant modification of the chemical structure and functionality. A broad range of MAPLE applications include deposition of polymer thin films for optoelectronic and chemical sensor applications, [7] [8] [9] [10] [11] growth of active protein thin films, [12] [13] [14] [15] [16] polymer-carbon nanotube composites, 4, 17, 18 and films consisting of nanoparticles. 19 Evaluation of the performance of resonant infrared MAPLE ͑Refs. 20-22͒ and exploration of water ice as a MAPLE matrix 14, 16, [23] [24] [25] [26] are some of the new directions that have potential for further expanding the range of applicability of this technique. While the area of MAPLE applications is rapidly expanding, the understanding of the fundamental processes responsible for the molecular transfer remains poor. The initial picture of the ejection and transport of individual polymer molecules in MAPLE ͑Refs. 1-3͒ comes into conflict with the results of high-resolution scanning electron microscopy ͑SEM͒ and atomic force microscopy ͑AFM͒ imaging of MAPLE deposited films. The AFM and SEM images reveal a͒ Author to whom correspondence should be addressed. Electronic mail: lz2n@virginia.edu significant surface roughness, with well-defined aggregates or clusters with characteristic sizes ranging from tens of nanometers to tens of microns. 11, 14, 18, 24, 25, [27] [28] [29] [30] The morphology of the deposited films exhibits strong dependence on the temperature of the substrate 25, 27 and sometimes contains distinct wrinkled surface features 18, 30 consistent with a scenario in which a significant amount of volatile solvent reaches the substrate and evaporates leaving behind characteristic polymer structures. 18, [30] [31] [32] The formation of large polymer features on the substrate is rather unexpected since the original polymer concentration in the target is low and polymer molecules are dissolved in the matrix down to the molecular level. Moreover, the entrainment of the polymer molecules in the expanding plume of the volatile matrix does not provide an environment suitable for condensation of polymer clusters.
The results on the rough surface morphology of the deposited films, therefore, call for revisiting the physical picture of the molecular transfer in MAPLE. A better understanding of the relation between the basic mechanisms of laser interaction with the target material, nonequilibrium processes caused by the fast deposition of laser energy, parameters of the ejected ablation plume, and the resulting morphological characteristics of the growing film would be very helpful for optimization of the experimental parameters in current applications of MAPLE as well as the emergence of new areas of application of this technique. To date, however, there have been virtually no theoretical or computational efforts aimed specifically at obtaining a better understanding of MAPLE and the exploration of the multidimensional space of experimental parameters has been done largely empirically.
Molecular-level computer modeling has a good potential of revealing the mechanisms of molecular ejection and transport in MAPLE. In particular, atomic-level molecular dynamics ͑MD͒ simulations have been successfully applied to investigation of the rates and channels of the energy transfer from matrix to an embedded polymer molecule, [33] [34] [35] as well as the conformational changes in the polymer molecules during the ejection process. 36 Larger scale coarse-grained MD simulations have been used to study the mass/size dependence of the velocity distribution of spherical solute molecules in matrix-assisted laser desorption 37 and the matrixpolymer interactions in the expanding plume. [38] [39] [40] The MD simulations reported so far, however, have been focused on the analysis of matrix-assisted ejection of individual macromolecules, with the computational systems containing either a single solute molecule [33] [34] [35] [36] or several solute molecules at a concentration too low to involve any interactions between the molecules during the ejection process. [37] [38] [39] These conditions are justified by the fact that most of the MD simulations have been motivated by the matrix-assisted laser desorption ionization ͑MALDI͒ mass spectrometry technique, [41] [42] [43] where the goal is to optimize the conditions for the ejection of high molecular weight molecules ͑analytes͒ with minimal fragmentation. A sufficiently low analyte-to-matrix ratio is considered to be one of the key requirements for successful MALDI analysis, 43 and the interactions among the analyte molecules may indeed be insignificant under typical MALDI conditions. The concentrations of polymer molecules in MAPLE film deposition experiments, however, are much higher, typically 0.1-5 wt %, and the collective behavior of multiple polymer molecules may play an important role in defining the mechanisms of molecular ejection in MAPLE and the morphological characteristics of the deposited films.
In this paper we report the results of a comprehensive computational investigation of the processes responsible for molecular transfer in MAPLE. A coarse-grained MD model used in the simulations and parameters of the computational setup are described in Sec. II. The physical mechanisms and molecular-level picture of the molecular ejection in MAPLE, emerging from the MD simulations, are presented for a range of laser fluences and polymer concentrations in Sec. III. The parameters of the ablation plume, including the cluster size distributions, velocities of the ejected molecules and clusters, and composition of matrix-polymer clusters are given in Sec. IV. The state of the MAPLE target after one-pulse laser irradiation is analyzed in Sec. V and implications for molecular ejection in the multiple-pulse irradiation regime are discussed. Finally, in Sec. VI, we review the ramifications of the computational predictions for interpretation of experimental data and discuss promising directions for future experimental exploration, suggested by the simulation results.
II. COMPUTATIONAL MODEL
In this section we first describe the computational model that we use for simulation of the molecular ejection from frozen polymer solutions irradiated by a short laser pulse. Then we describe the computational setup and explain the choices of the irradiation parameters used in the simulations.
The laser-induced molecular ejection from a MAPLE target is described in this work by a coarse-grained molecular dynamics model combining the breathing sphere model 44 for simulation of the molecular matrix and the bead-andspring model 45 for polymer molecules. The breathing sphere model has been actively used in investigations of laser interaction with molecular targets [37] [38] [39] [40] 44, [46] [47] [48] and is described in detail elsewhere. 44, 48 Briefly, the model adapts a coarsegrained representation of the molecules by spherical particles with real translational degrees of freedom, but approximate representation of the internal vibrational modes by a single internal degree of freedom. The internal degree of freedom, or breathing mode, is implemented by allowing the particles to change their sizes and is used for simulation of molecular excitation by photon absorption and vibrational relaxation of the excited molecules. In the case of UV laser irradiation, the breathing mode can be considered as the recipient of the energy released by internal conversion from electronically excited states. The parameters of a potential function attributed to the internal motion control the rate of the conversion of the internal energy of the molecules excited by the laser to the energy of translational and internal motions of the surrounding molecules. 44 In the bead-and-spring model used to describe the polymer molecules in a MAPLE target, the "beads" representing functional groups of a polymer molecule ͑monomers͒ are connected by anharmonic springs with strengths appropriate for chemical bonding. The chains can dissociate if the local forces applied to the chemical bonds are sufficiently large.
Both the intramolecular "springs" in the bead-and-spring model and intermolecular interactions among polymer units and matrix molecules are described by a Morse potential defined as a function of the distance between the edges ͑sur-faces͒ of the "breathing spheres" or polymer "beads," r ij s ,
Intermolecular ͑nonchemical͒ interactions among the matrix and polymer molecules are described with a set of parameters ͑r 0 =3 Å, E b = 0.1 eV, and ␣ =1 Å −1 ͒ 44 chosen to reproduce the van der Waals interaction in a typical molecular solid, with the cohesive energy of 0.6 eV, an elastic bulk modulus of ϳ5 GPa, and a density of 1.2 g / cm 3 . 49 The parameters chosen for springs in the bead-and-spring model ͑r 0 = 1.54 Å, E b = 3.48 eV, and ␣ = 2.37 Å −1 ͒ are based on the characteristics of a typical carbon-carbon bond in a polymer molecule. In particular, the value of r 0 is based on the length of the middle C-C bond in ͑C#͒ 3 -C-CH 2 -C# ͑where C# is any sp 3 carbon atom͒, 50 the depth of the potential well, E b , is chosen to approximately reproduce the value of the dissociation energy of poly͑methyl methacrylate͒ ͑PMMA͒, and ␣ is obtained from the value of the stretching force constant for C-C bond given in Ref. 51 ,
The distance between the surfaces of two interacting molecules and/or polymer units is defined as r ij s = ͉r i − r j ͉ − R i − R j , where r i and r j are the positions of the centers of the particles and R i and R j are their radii. Note that the radii of the breathing spheres are dynamic variables for which equations of motion are solved during the simulation. The radii of beads in the polymer bead-and-spring model are kept fixed during the simulation and are equal to the equilibrium radii of the breathing spheres, 1.40 Å. The same molecular weight of 100 Da is attributed to polymer units and matrix molecules. This weight corresponds to the weight of a PMMA monomer and is close to the weight of molecules often used as MAPLE matrices, e.g., toluene ͑92 Da͒, chloroform ͑118 Da͒, and glycerol ͑92 Da͒.
Simulations presented in this paper are performed for MAPLE targets with three concentrations of polymer molecules: 1, 3, and 6 wt %, as well as for pure matrix. Computational cell with initial dimensions of 40ϫ 40ϫ 60 nm 3 ͑676 961 molecules in the case of pure matrix͒ is used in the simulations, with the polymer chains randomly and uniformly distributed in the sample. Each chain contains 100 monomer units and has the total molecular weight of 10 kDa. The total number of polymer molecules in the computational cell is 67, 202, and 381 in 1, 3, and 6 wt % samples, respectively. Periodic boundary conditions are imposed in the directions parallel to the surface, as shown in Fig. 1 . These boundary conditions simulate the situation in which the laser spot diameter is much larger compared to the laser penetration depth, so that the effects of the edges of the laser beam can be neglected. At the bottom of the computational cell, a dynamic boundary condition is applied to account for nonreflecting propagation of the laser-induced pressure wave through the boundary. 52 All systems are thoroughly equilibrated in constant zero pressure simulations and cooled to zero temperature before applying laser irradiation. The size of the computational cell is then kept fixed during the simulations of laser-induced processes, thus neglecting the effect of the lateral expansion of the ablation plume during the first nanosecond of the plume expansion. A time step of 5 fs is used in the integration of the MD equations of motion in simulations performed for pure matrix targets, whereas a smaller time step of 2 fs is used if polymer chains are present. The molecular trajectories are followed at least up to 1 ns and longer in some of the simulations.
The laser irradiation is simulated by deposition of quanta of energy equal to the photon energy into the kinetic energy of internal ͑breathing͒ motion of molecules that are randomly chosen during the laser pulse duration. Irradiation at a wavelength of 337 nm ͑photon energy of 3.68 eV͒ is simulated in this study. The total number of photons entering the model during the laser pulse is determined by the laser fluence. The probability of a molecule to be excited is modulated by Lambert-Beer's law to reproduce the exponential attenuation of the laser light with depth, as schematically shown by color in Fig. 1 . The absorption by polymer molecules is neglected in this study and the effective penetration depth is increased with increasing concentration of polymer molecular in the MAPLE target. A total of 21 simulations are performed for MAPLE targets with three polymer concentrations, with seven laser fluences of 3, 4, 5, 6, 7, 8, and 9 mJ/cm 2 used with each target. The laser fluences are chosen to cover the range from below the ablation threshold ͑3.5 mJ/ cm 2 for pure matrix͒ up to more than twice the ablation threshold.
The laser pulse duration of 50 ps and optical penetration depth in pure matrix of 50 nm are chosen to reproduce the conditions of thermal confinement 43, [46] [47] [48] 53 characteristic of the majority of experimental studies of MAPLE. In this irra- diation regime, the heat conduction does not contribute to the energy redistribution during the laser pulse and the thermal energy is largely confined within the absorbing region. The condition for the thermal confinement of the deposited laser energy can be expressed as p Ͻ th = ͑L p 2 ͒ / ͑AD T ͒, where p is the laser pulse duration, D T is the thermal diffusivity of the target material, L p is the laser penetration depth, and A is a constant defined by the geometry of the absorbing region. Thermal diffusivity is evaluated for the model material ͑pure matrix͒ by performing a MD simulation of heat diffusion from a constant temperature layer located in the middle of a large computational cell initially equilibrated at a lower temperature. Fitting the results of the MD simulation to the analytical solution of the heat diffusion equation gives D T = 3.6 ϫ 10 −7 m 2 / s. If we assume one-dimensional heat diffusion from the absorbing region to the bulk of the target and define the thermal diffusion time th as time required for half of the thermal energy initially evenly distributed within a surface region of size L p to transfer to the deeper parts of the target, the constant A can be taken as unity. The thermal diffusion time for L p = 50 nm can be then estimated as th Ϸ 7 ns. This time is significantly longer than the pulse duration, p = 50 ps, and the condition for the thermal confinement is satisfied. At the same time, the rate of the laser energy deposition is sufficiently low to allow for the mechanical relaxation ͑expansion͒ of the absorption region of the target during the laser pulse and the condition of the inertial stress confinement 43, 46, 48, 53, 54 is not achieved. The condition for the stress confinement can be expressed as p Ͻ s ϳ L p / C s , where C s is the speed of sound in the target material, measured to be 2300 m / s for the model system ͑pure matrix͒. Thus, the characteristic time of the mechanical relaxation of the absorbing volume, s , can be estimated to be around 20 ps and the condition for the stress confinement is not satisfied in the simulations. 18 These estimations firmly place the conditions of the experiments in the regime of thermal confinement, s Ͻ p Ͻ th . Thus, although the length and time scales of the simulations are very different from the ones in a typical MAPLE experiment, the fact that in the simulations and experiments the MAPLE process takes place under similar physical conditions ͑the same physical regime of thermal confinement͒ suggests that the ejection mechanisms revealed in the simulations are also at work in experiments, albeit at much larger time and length scales. Nevertheless, we would like to emphasize that the goal of this computational study is not to reproduce quantitatively the behavior of a particular molecular system, but to investigate the general characteristics of the ablation process for low-concentration polymer solutions in the thermal confinement regime. The natural limits of the applicability of the model are defined by the conditions for the onset of multiphoton absorption, photochemical fragmentation, ionization, and plasma formation.
III. MECHANISMS OF MOLECULAR EJECTION IN MAPLE
In this section the mechanisms of molecular ejection in MAPLE are discussed with a focus on the analysis of the effect of polymer molecules on the dynamics of the ablation process. A visual picture of the initial processes of the explosive matrix disintegration and collective ejection of a surface region of the irradiated target is shown in Fig. 2 for four simulations performed at the same laser fluence of 8 mJ/ cm 2 for pure matrix and three MAPLE targets with polymer concentrations of 1, 3, and 6 wt %.
The ablation mechanisms and parameters of the ablation plume for one-component molecular systems ͑pure matrix͒ have been discussed in detail earlier. [46] [47] [48] A typical dynamics of the ablation process in a one-component system is illustrated in Fig. 2͑a͒ , where snapshots from a simulation performed for a target containing no polymer molecules are shown. The ablation starts from a homogeneous expansion of a significant part of the surface region overheated above the limit of its thermodynamic stability 58, 59 and proceeds through the formation of a foamy transient structure of interconnected liquid regions 47 that subsequently decomposes into a mixture of liquid droplets and gas-phase matrix molecules.
In the ablation of MAPLE target, the presence of polymer molecules does not radically alter the general picture of the ablation process, with the explosive disintegration and expansion of the overheated matrix driving the ejection process and entraining the polymer molecules along, Figs. 2͑b͒-2͑d͒. The presence of the polymer molecules ͑shown in blue in the snapshots͒, however, does have significant implications on the dynamics of the ablation process and quantitative parameters of the ejected plume. Although the polymer molecules are randomly oriented in the initial target, Fig. 1 , they have a clear tendency to extend along the flow in the ablation plume and to thread through the liquid regions, Figs. 2͑b͒-2͑d͒. The decomposition of the transient foamy liquid structure is hampered by the necessity to pull out and, at higher polymer concentrations, to disentangle the polymer chains ͑no breakdown of polymer chains has been observed in any of the simulations discussed in this paper͒. As a result, while in the simulation performed for pure matrix the liquid regions emerging from the "phase explosion" quickly transform into spherical droplets as soon as they separate from the target, Fig. 2͑a͒ , the presence of polymer chains facilitates the formation of complex matrix-polymer liquid structures elongated in the direction of the ablation plume expansion and stabilized by the presence of polymer molecules, Figs. 2͑c͒ and 2͑d͒.
A broad qualitative picture of the fluence and polymer concentration dependence of the molecular ejection process in MAPLE can be gained from Fig. 3 , where snapshots from the simulations performed with initial polymer concentrations of 1, 3, and 6 wt % are shown for seven laser fluences, from 3 to 9 mJ/ cm 2 , and for the same time of 400 ps after the beginning of the 50 ps laser pulse. In all three series of simulations, there is a clear change in the mechanism of molecular ejection as laser fluence increases from 3 to 4 mJ/ cm 2 . At 3 mJ/ cm 2 , the targets undergo some expansion/swelling that is more pronounced for targets with lower polymer concentrations ͑the initial positions of the surface before the irradiation are marked by red dashed lines in the first frames of each series shown in Fig. 3͒ . The molecular ejection at this fluence is limited to thermal evaporation of individual matrix molecules. At 4 mJ/ cm 2 , we observe a transition to the ablation regime, when active collective motion in the surface region of the irradiated target is induced by an explosive internal release of the matrix vapor. The onset of the explosive boiling is characterized by prompt ejection of small clusters from the topmost layer of the target, as well as much slower motion of large liquid regions that can eventually result in the ejection of large elongated matrix-polymer structures ͑see Secs. IV and V͒. Further increase of the laser fluence results is a more violent phase explosion of the overheated material, with more numerous polymer-matrix clusters ejected.
The existence of a well-defined threshold fluence separating the desorption and ablation regimes of molecular ejection can be related to the sharp transition from a metastable superheated liquid to a two-phase mixture of liquid and vapor ͑explosive boiling or phase explosion͒ at a temperature of approximately 90% of the critical temperature, predicted by the classical nucleation theory 58, 59 and confirmed in simulations. 60 Following the method applied in Ref. 60 to a system of Ar atoms, we find the threshold temperature for the onset of explosive boiling, T * , to be 1060 K for the pure matrix system represented by the breathing sphere model. This temperature is determined in a constant pressure MD simulation performed for a system consisting of 6912 matrix molecules. Starting from a metastable liquid equilibrated at 900 K, the temperature is increased with a rate decreasing from 0.1 to 0.025 K / ps as the temperature is approaching the threshold. The threshold temperature T * manifests itself by the onset of the phase separation and a sharp increase of the volume of the system. At low polymer concentrations, the threshold temperature T * has a weak dependence on the polymer concentration, with only 4.7% increase predicted for a system containing 16 wt % of polymer chains ͑134 142 matrix molecules and 256 polymer chains͒. Therefore, we will use the value of the threshold temperature T * determined for pure matrix in the discussion of all the MAPLE simulations.
The effect of the presence of polymers on the characteristics of the ablation process becomes stronger with increasing polymer concentration. At low polymer concentration, Fig. 3͑a͒ , the chains are not heavily entangled and the presence of individual polymer chains in the expanding overheated matrix has a relatively weak effect on the overall dynamics of the ablation plume formation. As the polymer concentration increases, the chains become more entangled and the expansion and disintegration of the transient foamy liquid-vapor mixture result in multiple chains being pulled out from the liquid regions, resisting the disintegration process, Fig. 3͑b͒ . The effect of the entanglement of the polymer chains on the ablation process manifests itself even more dramatically in Fig. 3͑c͒ , where the entanglement of the polymer chains leads to the formation of intricate elongated structures that, in some of the simulations, extend throughout the region shown in the snapshots. While the expanding liquid structures eventually disintegrate into individual liquid regions, Fig. 2͑d͒ , the elongated shapes characteristic for these regions are very different from the spherical droplets observed in simulations of laser ablation of pure matrix targets. The elongated structures can be stabilized by evaporative cooling in the expanding plume and can reach the substrate in MAPLE film deposition. Indeed, extended "nanofiber" or "necklace" polymer surface features have been observed in SEM images of PMMA films deposited in MAPLE, 18, 30, 31 as well as in films fabricated by IR laser ablation of poly͑vinyl chloride͒ ͑PVC͒ involving a partial thermal decomposition of the target material into volatile species. 61 Some of the transient liquid structures do not sepa- rate from the target or can be redeposited within or outside the laser spot, resulting in the formation of complex surface morphology. Experimentally, the generation of extended nanofibers [62] [63] [64] and surface swelling and foaming [65] [66] [67] [68] have been reported for polymer and biopolymer targets subjected to short pulse laser irradiation. Recently, a significant macroscopic swelling has been observed for a MAPLE target with 10 wt % PMMA loading and toluene as a matrix. 69 A more detailed discussion of the characteristics of the ablation plume and the parameters of the droplets ejected and deposited in MAPLE is given in Sec. IV, whereas target surface modification by the laser pulse is considered in Sec. V.
The qualitative conclusions on the effect of the polymer molecules on the mechanisms of laser ablation of MAPLE targets, based on the visual inspection of the snapshots from the simulations, Figs. 2 and 3 can be supported by a quantitative analysis of the dependences of the total yield of ejected molecules on laser fluence, shown in Fig. 4 for MAPLE targets with three polymer concentrations. Most data points in Fig. 4 are calculated at 1 ns after the beginning of the 50 ps laser pulse, with several exceptions made for the simulations in which a delayed separation of large liquid regions from the target has been observed. In particular, the yield is shown for 1.5 ns in the simulation performed at a fluence and polymer concentration of ͑F =6 mJ/cm 2 ; C = 1 wt %͒, for 1.3 ns in ͑F =4 mJ/cm 2 ; C = 1 wt %͒ and ͑F =6 mJ/cm 2 ; C = 6 wt %͒, for 1.2 ns in ͑F =7 mJ/cm 2 ; C = 6 wt %͒, and for 1.1 ns in four other simulations. While evaporation during the extra several hundreds of picosecond would make relatively minor contributions to the total yields in the simulations run for 1 ns ͑up to several thousands of molecules͒, the contribution from the delayed separation of large liquid regions is much more significant ͑tens of thousands of molecules͒. Therefore, some misalignment of times for which the data points are shown in Fig. 4 is making this plot more representative of the total amount of material ejected from the target during the first 1 -1.5 ns. The polymer molecules are only ejected as parts of matrix-polymer clusters, with no additional polymer ejection taking place at the evaporation stage. Therefore, the yield of polymer chains shown in Fig. 4 for 1 ns or the time of the separation of the last liquid region from the target is the final total number of polymer chains ejected from the target.
The characteristic feature of the fluence dependences of the total yield observed at all three polymer concentrations is a sharp increase of the amount of ejected material as the fluence increases from 3 to 4 mJ/ cm 2 . The increase in the total yield is by almost an order of magnitude, from 14 082 to 115 595 molecules, in simulations performed for a MAPLE target with polymer concentration of 1 wt %, and is somewhat smaller, from 15 699 to 66 010 molecules and from 14 760 to 64 598 molecules in simulations performed for MAPLE targets with higher polymer concentrations of 3 and 6 wt %. In earlier simulations performed for onecomponent molecular system ͑pure matrix͒, a similar sharp increase in the total yield has been observed and attributed to the transition from the thermally activated desorption of individual molecules from the surface to a collective molecular ejection of an overheated region of the target ͑ablation͒. 46, 48, 70, 71 The increase of the total yield at the threshold for the ablation onset in the case of the pure matrix, however, was more dramatic, by more than an order of magnitude, suggesting that the presence of the polymer molecules in MAPLE targets is having an impeding effect on the ablation process.
Similarly to the earlier MD simulations 44, 46, 48, 70, 71 and experiments on laser ablation of molecular substrates, 72 polymers, 73, 74 and biological tissue, 53 we attempt to describe the amount of material ejected from MAPLE targets in the ablation regime by a model in which the ablation depth is assumed to follow the laser energy deposition and all material that absorbs an energy density higher than a critical energy density, E * , is ablated. With an exponential decay of the laser intensity given by Beer's law, the number of molecules ejected from unit surface area at laser fluence exceeding the threshold for the ablation onset is
where n is the molecular number density, L p is the laser penetration depth, C is the heat capacity, T 0 the initial temperature of the target, and F the absorbed laser fluence. In the earlier simulations performed for pure matrix, 46 ,71 the value of the critical energy density equal to the cohesive energy of the molecular solid, 0.6 eV/ molecule, was found to provide the best fit of the ablation yield in the regime of thermal confinement. The prediction of the ablation model with the same critical energy density, E * = 0.6 eV/ molecule, laser penetration depth for pure matrix, L p = 50 nm, and zero initial temperature of the target, T 0 = 0 K, is shown by the black solid line in Fig. 4 .
While the overall character of the yield versus fluence dependence above the threshold fluence F th = L p ͑E * − CT 0 ͒ = 3.54 mJ/ cm 2 is captured by the ablation model, the in- crease of the yield with fluence is weaker as compared to the predictions of the model and there are significant deviations of the simulation results from the model at high laser fluences. Despite a large scatter of the data points related to the statistical nature of the contribution from the separation of large liquid regions to the ablation yield, the tendency of the decreasing yield with increasing polymer concentration can be observed by comparing the results obtained for target with polymer concentration of 1 wt % with the ones having higher polymer concentrations. The deviation of the ablation yield from the prediction of Eq. ͑2͒ at high laser fluences is significantly larger than in the case of pure matrix 46, 71 and can only partially be explained by the increase of the effective penetration depth with increasing polymer concentration ͑from 50.5 nm at 1 wt % to 51.5 nm at 3 wt %, and to 53 nm at 6 wt %͒. An important factor defining the ablation yield is the resistance of the polymer molecules to the matrix disintegration. The entanglement of the polymer chains at higher polymer concentrations increases the effective cohesion and viscosity of the target material, thus hampering the ejection process.
The yield of polymer molecules is shown in Fig. 4 by open symbols. As discussed above, not a single polymer molecule has been ejected in any of the simulations performed in the desorption regime, at 3 mJ/ cm 2 . The fluence dependence of the number of polymer molecules in the ablation regime can be related to the prediction of the ablation model, Eq. ͑2͒, shown by dashed lines under an assumption of stoichiometric ejection of matrix and polymer molecules. Similarly to the total yield, the deviation of the simulation results from the model increases with increasing polymer concentration and laser fluence. The analysis of the plume composition indicates that the polymer concentration in the plume tends to be lower than in the original target, with more pronounced nonstoichiometric ejection observed at higher polymer concentrations. Moreover, the yield of polymer molecules shown in Fig. 4 is final, with no further ejection of polymer chains expected at longer times. At the same time, the evaporation of matrix molecules remains relatively active at the end of the simulations ͑see Sec. IV͒, suggesting that the nonstoichiometric composition of the ablation plume will become more pronounced with time. As a result, the surface region of the irradiated target becomes depleted of matrix molecules, as discussed in Sec. V. Similar changes in the composition of the surface region of the target take place in the desorption regime, where molecular ejection is limited to the evaporation of matrix molecules. The sharp threshold transition from the desorption of matrix molecules to the collective coejection of matrix and polymer molecules, predicted in the simulations, may be related to recent experimental observations of the transition from a wavelengthselective desorption of one of the components of a binary molecular mixture to codesorption of the two components at higher fluences. 75, 76 The fluence dependence of the number of individual matrix molecules ejected during the first nanosecond of the simulations is shown in Fig. 5 . In contrast to the total yield, the yield of matrix monomers does not exhibit the sharp increase at the ablation threshold, between 3 and 4 mJ/ cm 2 .
Moreover, the ablation threshold cannot be identified from the fluence dependence of the monomer yield, which shows a monotonous increase in the whole range of laser fluences used in the simulations. This observation is consistent with the results of earlier MD simulations performed for pure matrix, 40, 46, 48, 70, 71 as well as with the mass spectrometry data showing an apparent absence of the real physical threshold behavior in the fluence dependence of the number of individual neutral matrix molecules ͑monomers͒ postionized by a second laser and detected in MALDI experiments. 43, 77, 78 These results indicate that the yield of monomers is not sensitive to the transition from the desorption to the volume ablation ejection regime.
A clear tendency of the yield of monomers to decrease with increasing polymer concentration, Fig. 5 , can be related to the impeding effect of polymers on the explosive decomposition of the overheated matrix. For the same laser fluence, ablation in a target with a higher polymer concentration results in the ejection of larger liquid droplets stabilized by the presence of polymer chains. The larger droplets tend to have higher internal temperatures 47 and a slower rate of evaporative cooling, resulting in the reduction of the fraction of vapor in the ablation plume at a given time in the ablation process.
IV. DYNAMICS OF THE EJECTION PROCESS AND PARAMETERS OF THE PLUME
The time evolution of the molecular ejection process in MAPLE is illustrated in Figs. 6 and 7 for a simulation performed for a target with polymer concentration of 6 wt % irradiated at a fluence of 8 mJ/ cm 2 . The long duration of this simulation, 2.5 ns, allows us to study not only the dynamics of material disintegration and prompt ejection, but also longer-term processes in the expanding plume and at the irradiated target. The total yield plotted in Fig. 6͑a͒ includes all monomers, liquid droplets, and small molecular clusters that are ejected from the target at a given time. Several stages can be distinguished in the material ejection process in this simulation. First, the initial explosive decomposition of the overheated target ͑see Sec. III͒ results in a prompt ejection of a large fraction, 78%, of the total yield observed at 2.5 ns during the first 500 ps of the simulation. The increase of the total yield slows down after 500 ps, but an additional abrupt increase of the yield takes place at ϳ650 ps. This increase, by ϳ14% of the total yield at 2.5 ns, corresponds to the separation of the largest molecular droplet ejected in this simulation from the surface of the target. A part of this elongated droplet can be seen in the upper part of the rightmost frame shown in Fig. 2͑d͒ . The following slow monotonous increase of the total yield corresponds to the evaporation of the matrix molecules from the target. The evaporation during the last 1.8 ns of the 2.5 ns simulation accounts for ϳ7% of the total yield. The evaporation slows down as the temperature of the surface decreases due to the heat conduction to the bulk of the target that occurs on the time scale of the simulation ͑ th Ϸ 7 ns is estimated in Sec. II͒, as well as due to the evaporative cooling. The evaporation continues to contribute to the total yield at the end of the simulation and one can expect to see a gradual decrease of the evaporation rate within the following tens of nanoseconds. Note that for typical experimental conditions in MAPLE and laser ablation of molecular systems, the laser penetration depth is typically much larger than 50 nm used in the simulations, leading to a much slower cooling process and a longer-term molecular desorption. For example, in recent IR laser resonant desorption time-of-flight mass spectrometry experiments performed for a range of molecular systems, the desorption times were shown to extend up to several hundreds of microseconds 79 and, for some systems, even up to milliseconds. 80 The latter abnormally long desorption time has been attributed to the long penetration depth and low thermal conductivity of the molecular system. Two stages of the ejection process discussed above for the total yield can be also identified in the time dependence of the number of monomers shown in Fig. 6͑b͒ . The initial raise in the number of monomers during the first 500 ps of FIG. 6 . Evolution of the total molecular yield ͑a͒ and the yield of matrix monomers ͑b͒ in a simulation performed with a fluence of 8 mJ/ cm 2 and polymer concentration of 6 wt %. The total yield is defined as the number of ejected matrix molecules and polymer units ͑mers͒. The arrow in ͑a͒ corresponds to the separation of a large cluster, shown in the left inset in Fig.  7͑a͒ , from the target at ϳ650 ps.
FIG. 7.
͑Color online͒ Evolution of the sizes of three largest clusters ejected in a simulation performed at a fluence of 8 mJ/ cm 2 and polymer concentration of 6 wt %. Internal temperatures and polymer concentrations in the clusters at early times of ͑a͒ 700 and ͑b͒ 500 ps, as well as at the end of the simulation, 2.5 ns, are shown in the figure. The temperature values are expressed through the threshold temperature for the phase explosion, T * . In ͑a͒, the elongated cluster disintegrates into three large and one smaller clusters at ϳ1.2 ns, as illustrated by insets showing the cluster at 1 and 1.3 ns.
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E. Leveugle and L. V. Zhigilei J. Appl. Phys. 102, 074914 ͑2007͒ the simulation corresponds to the explosive release of the vapor during the decomposition of the overheated target. This is followed by a slower increase due to the evaporation from the target and liquid droplets, as well as thermal decomposition of small molecular clusters. The evaporation slows down as the temperatures of the droplets and target surface are decreasing, but it still remains noticeable at 2.5 ns after the laser pulse. The extent to which the evaporation affects the sizes of the matrix-polymer droplets can be seen from Fig. 7 , where the evolution of the three largest clusters ejected in the simulation discussed above is shown. The largest cluster separates from the target at ϳ650 ps, as reflected by the jump in the total yield in Fig. 6͑a͒ . This cluster has an extended elongated shape and it disintegrates into three large and one smaller fragments between 1 and 1.3 ns. The snapshots of the cluster before and after the disintegration are shown in the insets in Fig. 7͑a͒ . The decrease of the size of the cluster͑s͒ before and after the disintegration reflects the evaporation process that clearly slows down by the time of 2.5 ns. The decrease of the rate of evaporation can be related to the evaporative cooling of the cluster͑s͒, which leads to the decrease of the temperature from 87 to 72-73% of the threshold temperature for the phase explosion, T * , defined in Sec. III.
Similarly, two large clusters for which the size evolution is shown in Fig. 7͑b͒ , are emerging from the phase explosion at 500 ps with temperatures as high as 0.92T * and 0.93T * , but cool down to temperatures of 0.70T * and 0.72T * by the time of 2.5 ns. The rate of evaporative cooling has strong temperature dependence, with the most active cooling occurring within the first nanosecond after the laser pulse. Importantly, the quickly decreasing rates of evaporation of the ejected clusters suggest that the sizes and compositions of the clusters observed at 2.5 ns are close to the ones to be expected at the time when they reach the substrate in MAPLE deposition of polymer films.
Since in all simulations the polymer molecules are ejected only as parts of large matrix-polymer droplets/ clusters that do not have enough thermal energy to evaporate during the flight to the substrate, one can expect that the growth of polymer films in MAPLE proceeds mainly through the deposition of matrix-polymer clusters. This observation goes against the notion of the ejection and transport of individual polymer molecules in MAPLE, [1] [2] [3] and provides a hint for explaining the observed surface roughness in the experimental AFM and SEM images. 11, 14, 18, [23] [24] [25] [27] [28] [29] [30] In particular, the deposition and subsequent evaporation of a significant amount of volatile matrix can be related to the formation of wrinkled surface features observed in recent MAPLE experiments. 18, 30 The connections between the ejection of large matrix-polymer droplets in MAPLE, predicted in the simulations, and the resulting morphological characteristics of the growing films, observed in experiments, are summarized in Sec. VI.
The collective and explosive character of the processes responsible for the initial emission and acceleration of the ablation plume in MAPLE results in a strongly forward peaked ejection, with high flow velocities in the direction normal to the surface of the target. The flow velocities of matrix molecules and clusters containing polymer molecules are shown in Fig. 8 as a function of the distance from the initial surface. As early as 100 ps after the beginning of the laser pulse, we observe the ejection of matrix molecules with the maximum velocity as high as 3.2 km/ s. As the ablation plume expands, some of the matrix molecules experience additional acceleration up to 4.6 km/ s. At the same time, most of the clusters containing polymer molecules have the flow velocities in hundreds of m/s, with only several relatively small clusters moving faster than 1 km/ s. All plume components, including the largest droplets, have the identical linear dependences of the flow velocity on the distance from the surface, characteristic of the free-expansion model. This suggests that the clusters of different sizes acquire their velocities at the early stages of the ablation process and move along with the matrix molecules with the same velocities.
The forwarded ejection of different plume components can be illustrated by angular distributions of molecules and clusters of different sizes shown in Fig. 9 for two simulations performed at the same laser fluence of 8 mJ/ cm 2 for a pure matrix target and a MAPLE target with 6 wt % polymer loading. While both individual matrix molecules and clusters have forward-picked angular distributions, the clusters of higher mass exhibit a higher degree of forward peaking. This observation can be related to the origin of the axial ͑normal to the surface͒ and radial ͑parallel to the surface͒ velocity components of the ejected species. The axial velocities of molecules and clusters are largely defined by the collective ejection process driven by the explosive decomposition of the overheated matrix and have a weak mass dependence. Indeed, the axial velocity of a molecule or a cluster depends on its location in the plume, Fig. 8 , which, in turn, is related to the dynamics of the ablation plume formation resulting in a spatial segregation of clusters of different sizes in the ex- panding plume. 47 The radial velocity components of molecules and small clusters, on the other hand, are largely defined by local thermalization in the plume, resulting in narrower "thermal" distributions of the radial velocities for larger/heavier clusters. Thus, the clusters of higher mass exhibit a larger disparity between the axial and radial velocity components, resulting in a sharper forward peaking of the angular distributions, Fig. 9 . The thermalization may be incomplete for the largest droplets, in which case the radial velocity components also reflect the dynamics of the ejection process. Somewhat broader angular distributions of small clusters and monomers observed in Fig. 9 for MAPLE target can be attributed to the restraining effect of the entangled polymer molecules on the ejection process ͑see Sec. III͒, leading to the decrease of the axial components of the ejection velocities as compared to a pure matrix target irradiated at the same laser fluence.
Experimentally, highly forward peaked angular distributions of ejected molecules have been observed in laser ablation of molecular solids, e.g., Refs. 81 and 82, whereas the stronger focusing of clusters toward the surface normal can be related to the weak mass dependence of the ejection velocities and higher degree of forward peaking observed for heavier analyte molecules in MALDI. [82] [83] [84] [85] [86] Similarly to the matrix-polymer clusters in MAPLE, the large biomolecules in MALDI are entrained into the plume of smaller matrix molecules and move along with the matrix molecules with the same flow velocities in the direction normal to the surface of the target. 37, 40 In all simulations performed above the ablation threshold, the ejected plume consists of a mixture of individual matrix molecules, small matrix clusters, and larger clusters/ droplets composed of both matrix molecules and polymer chains. The results of the simulations suggest that the polymer molecules are ejected and transferred to the substrate in MAPLE experiments as parts of large molecular clusters. The size distribution of the ejected clusters, therefore, is an important characteristic of the MAPLE process as it defines the homogeneity and morphology of the deposited polymer films. Typical cluster size distributions are shown in Fig. 10 for simulations performed at the same laser fluence of 8 mJ/cm 2 and polymer concentrations of 0, 1, 3, and 6 wt %. The yield is normalized to the number of matrix monomers and is calculated at 1 ns after the beginning of the laser pulse. For all concentrations, we observe cluster-size distributions that can be relatively well described by a power law of the form Y͑N͒ ϰ N −t with exponents different for lowand high-mass clusters ͑N is the size of a cluster that can be defined as the total mass or the number of matrix molecules and polymer units/mers in the cluster͒. The steep size dependence observed for small clusters ͑up to 20 molecules͒ corresponds to the power-law exponents ͑−t͒ in the range from −3.69 to −3.59. The decay is much slower in the high-mass region of the distributions that can be described by a power law with two to three times larger exponent, from −1.43 to −1.35.
In all simulations performed in this work at laser fluences above the ablation threshold, we observe bimodal power-law cluster size distributions similar to the ones presented in Fig. 10 . The values of the power-law exponents are given in Fig. 11 for three polymer concentrations and fluences ranging from 4 to 9 mJ/ cm 2 . The exponents for small clusters are in the range from −4.1 to −3.5, whereas for larger clusters power-law exponents between −1.6 and −1.1 are determined from the fits. An apparent lack of any correlation between the values of power-law exponents and polymer concentration, as well as a weak dependence of the cluster size distributions on fluence suggest that the bimodal power-law cluster size distribution may be a general characteristic of the ablation plume generated as a result of an explosive decomposition of a target region overheated above the limit of its thermodynamic stability.
Similar bimodal power-law cluster size distributions have been observed earlier in MD simulations of laser ablation of one-component molecular targets. 47 Moreover, recent analysis of high-resolution SEM images of thin polymer films deposited in MAPLE at three different laser fluences reveals that the mass distributions of the distinct polymer surface features can be well described by a power law with exponent of −1.6. 30, 87 The results of the simulations presented in this paper suggest that the polymer molecules in MAPLE are ejected within large matrix clusters that have a weak cluster size dependence on the polymer concentration. Evaporation of the volatile matrix in-flight and after the deposition to the substrate is likely to be responsible for the formation of the surface polymer features observed in the SEM images of MAPLE deposited films. Therefore, the mass of the large matrix-polymer clusters and the mass of the polymer features generated by evaporation of matrix from the deposited clusters can be expected to have similar distributions. Indeed, the experimental power-law exponent of −1.6 is close to the ones predicted in the simulations for the high-mass parts of the cluster size distributions, from −1.6 to −1.1. An additional moderate decrease of the power-law exponent ͑increase of the absolute value͒ due to in-flight breakup processes at longer times can be expected in the simulated distributions, as suggested by recent MD simulations of long-term ͑up to 1 s͒ evolution of clusters ejected in sputtering of gold targets. 88 This decrease would bring the range of the power-law exponents predicted in simulations FIG. 11 . ͑Color online͒ Fluence dependence of the exponents in the bimodal power-law fits of the cluster size distributions, such as the ones shown in Fig. 10 . The exponents for small ͑up to 20 molecules͒ and large ͑more than 20 molecules͒ clusters are shown for 1 ns after the beginning of the laser pulse in simulations performed for MAPLE targets with polymer concentrations of 1 wt % ͑red squares͒, 3 wt % ͑green circles͒, and 6 wt % ͑blue triangles͒. for the high-mass parts of the cluster size distributions even closer to the ones measured in the MAPLE experiments. Note that quantitative comparison of the actual sizes of molecular clusters ejected in MAPLE experiments and simulations is not possible. Much larger molecular clusters, comparable to the laser penetration depth, can be expected to be generated in MAPLE experiments ͑laser penetration depth is ϳ4.0 m in experiments 30, 87 and ϳ50 nm in simulations͒.
Molecular-level simulations of such clusters are far beyond the current computational capabilities. Nevertheless, the fact that the simulations and experiments are performed in the same physical regime of thermal confinement ͑see Sec. II͒, as well as a good agreement between the cluster size distributions observed in the simulations and experiments, support the notion that the same ejection mechanisms are responsible for the generation of clusters in MAPLE simulations and experiments. Interestingly, the observation of power-law cluster size distributions with different exponents for small and large clusters correlates with similar results obtained in sputtering experiments. While small exponents in the range from −9 to −3 typically result from power-law fits to the sputtering yields of small clusters measured in mass spectrometry methods, [89] [90] [91] larger exponents of around −2 are reported based on transmission electron microscopy ͑TEM͒ analysis of significantly larger clusters ͑more than 500 atoms͒ deposited on a TEM transparent collector grid. 92 Similarly, recent mass spectrometry analysis of the sputtering yield from an indium target bombarded with 15 keV Xe + ions reveals that a power-law distribution with smaller exponent of −3.9 is suitable for the description of the abundance of small clusters composed of less than 20 atoms, whereas a larger exponent of −2.1 results from the power-law fit for larger clusters. 93 The close quantitative match between the cluster size distributions observed in sputtering and laser ablation simulations points to a possible similarity between the processes responsible for the material ejection in ion beam sputtering and laser ablation. [94] [95] [96] In particular, although the complex character of the ablation and sputtering processes makes it difficult to establish direct links to the existing theoretical models that predict power-law cluster size distributions, [97] [98] [99] [100] the existence of the two, low-and high-mass, regions in the cluster size distributions may point to the different origins of the small and large clusters. Connecting to the processes leading to the ablation plume formation discussed in Sec. III, the majority of monomers and small clusters are released in the explosive decomposition of the overheated material into the liquid and vapor, whereas the larger clusters appear as a result of decomposition and coarsening of the transient structure of interconnected liquid regions. 47 Similarly, the ejection of small clusters in sputtering experiments has been attributed to the fast collisional processes immediately following the ion impact, whereas generation of large clusters is related to collective atomic motions occurring at longer time scales.
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V. TARGET MODIFICATION BY A LASER PULSE: IMPLICATIONS FOR MULTIPULSE IRRADIATION REGIME
Experimentally, MAPLE film depositions are always performed in a multipulse laser irradiation regime and significant structural, morphological, and compositional changes may accumulate in the surface region of a target irradiated by multiple laser pulses. Even though the direct MD simulation of the effect of repetitive multipulse laser irradiation is not feasible, analysis of the state of the target after irradiation by a single laser pulse can provide insights into the character of changes in the ablation process that may be associated with multipulse irradiation.
Snapshots of the MAPLE target surfaces taken at the ends of the simulations, Fig. 12 , reveal general characteristics of the new surface regions left behind by the ablation process. The initial polymer concentration appears to be an important factor defining the dynamics of the material ejection and the final surface morphology. In the simulations performed for targets with 1 wt % polymer loading, Fig.  12͑a͒ , the new surfaces tend to be smooth. The relatively small bumps, observed for simulations performed at 5 and 7 mJ/cm 2 , are likely to spread along the surface and disappear with time. On the contrary, the surfaces generated by laser ablation of MAPLE targets with 3 and 6 wt % polymer concentrations exhibit much higher degree of roughness, with elongated filaments observed in many of the simulations. The filaments are generated in the course of the decomposition of the foamy transient liquid-vapor structure emerged from the explosive decomposition of the overheated surface region of the target ͑see Sec. III͒. The presence of polymer chains in MAPLE targets stabilizes the liquid structures, increases viscosity of the matrix-polymer solution, and slows down the morphological relaxation of the surface. Fast evaporation of the volatile matrix molecules leads to both cooling of the surface structures and increase in the polymer concentration in the surface region of the target. Large surface-to-volume ratio of the filament structures facilitates the evaporative cooling and eventual freezing/solidification of the surface morphologies. One can expect, therefore, that the final resolidified surfaces would have complex morphologies that would include bumps, voids, complex meshlike structures, as well as a prominent presence of collapsed elongated filaments. The formation of elongated filaments can be related to experimental observations of "nanofibers" produced by laser ablation on surfaces of polymer and biopolymer targets. [62] [63] [64] [65] While the initial state of the targets used in these experiments is different from polymer solution used in MAPLE, pulsed laser irradiation of a polymer target generates a viscous fluid composed of overheated volatile products of photothermal and photochemical polymer decomposition reactions mixed with polymer molecules and fragments, bringing the state of the material in the surface region of the irradiated target closer to the one characteristic for MAPLE experiments.
In addition to the formation of rough target surface morphology, simulations predict that the composition of the surface region of the target can be significantly altered by the ablation process. The time evolution of the average tempera-ture and polymer concentration in a MAPLE target with an initial concentration of 6 wt % irradiated at a laser fluence of 8 mJ/cm 2 is shown in Fig. 13͑a͒ . The values of temperature and concentration are averaged over the remaining part of the original 60 nm deep surface region represented in the MD simulation. This region is gradually shrinking during the ablation process due to the emission of molecules and clusters. The initial sharp increase of the polymer concentration during the first 300 ps corresponds to the active evaporation of matrix molecules from the surface. The evaporation continues past 300 ps but the average concentration of the target drops due to the disintegration of the transient foamy matrixpolymer structure and separation of multiple polymer-rich clusters, see Fig. 2͑d͒ and a frame for 8 mJ/ cm 2 in Fig. 3͑c͒ . The emission of clusters ceases by ϳ500 ps and evaporation from an extended liquid structure connected to the target ͓see snapshot at 600 ps in Fig. 2͑d͔͒ contributes to the additional increase of the average polymer concentration of the target. A large part of this liquid polymer-rich structure separates at The density of the molecular material in ͑b͒ is normalized to the density in the original target, 0 . The initial polymer concentration profile is shown schematically by a dash-dotted line, whereas the solid lines are just guides to the eye showing trends in the variation of the polymer concentration in ͑b͒. The arrow in ͑a͒ corresponds to the separation of a large cluster, shown in the left inset in Fig. 7͑a͒ , from the target at 650 ps.
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E. Leveugle and L. V. Zhigilei J. Appl. Phys. 102, 074914 ͑2007͒ ϳ650 ps ͓see snapshot at 800 ps in Fig. 2͑d͒ and an inset in Fig. 7͑a͔͒ , leading to the drop of the average polymer concentration shown by the arrow in Fig. 13͑a͒ . Further increase of the polymer concentration in the surface region of the target corresponds to the continued evaporation of matrix molecules. The gradual decrease of the rate of the polymer concentration increase ͑slope of the concentration-time dependence͒ after 700 ps corresponds to a slow evaporative cooling of the surface, whereas a discontinuous change of the rate from 600 to 700 ps corresponds to the drop in the surface area due to the separation of the elongated liquid droplet at ϳ650 ps. Note that the temperature of the target at the end of the simulation, 2.5 ns, is 0.8T * , significantly higher than the temperature of the large clusters ejected in this simulation, ranging from 0.70 to 0.73T * , Fig. 7 . This observation seems counterintuitive at the first sight, as the clusters are ejected from the upper regions of the target where the energy density deposited by the laser pulse is higher. The lower temperature of the clusters, however, can be explained by the fast initial cooling provided by a vigorous explosive phase separation occurring in the upper part of the target, as well as by a more active evaporative cooling at later times due to the large surface-to-volume ratio in the clusters.
The distributions of the polymer concentration and the density of the molecular material at the end of the simulation are shown in Fig. 13͑b͒ . The density distribution reflects the visual picture of the surface morphology shown in a frame for 8 mJ/ cm 2 in Fig. 12͑c͒ . The density below −40 nm corresponds to almost 80% of the initial density of the frozen target and we can define this level as a ground level of the new surface. The polymer concentration in the new surface region of the target ͑below −40 nm͒ is higher than the original 6 wt % concentration by ϳ1 wt %. The average polymer concentration in the elongated liquid structure connected to the target is significantly higher than the original one and increases up to more than 10 wt % further away from the new target surface. The only region where the polymer concentration is below the original 6 wt % is a thin molecular bridge ͑from −40 to − 15 nm͒ connecting the extended liquid droplet with the bulk of the target. The average velocity of the liquid structure in the direction normal to the surface is still positive ͑directed away from the target͒ and has a value of 20 m / s. It is possible that the liquid structure would separate from the target at a later time. Similarly, positive average velocity of 1 m / s is calculated for the liquid structure sticking out of the new surface in a simulation with C = 6 wt % and F =5 mJ/cm 2 , Fig. 12͑c͒ , and average velocity of 53 m / s is calculated for the liquid structure in a simulation with C = 3 wt % and F =7 mJ/cm 2 , Fig. 12͑b͒ . Regardless of the outcomes of these particular simulations, all of the following scenarios of the fate of the large elongated polymerrich liquid droplets are possible: freezing and collapse on the target surface contributing to the formation of the complex surface morphology; separation and slow flight away from the target with possible deposition to the substrate contributing to the roughness of the deposited polymer films; and separation and redeposition to the target within or outside the laser spot.
Although the increase of the polymer concentration in the surface region of the irradiated target is not dramatic and is limited to one to several wt %, the molecular ejection is clearly nonstoichiometric and becomes more nonstoichiometric with time ͑average polymer concentration in the plume in the simulation illustrated in Fig. 13 is 4 .98 wt % at 1.5 ns, 4.89 wt % at 2 ns, and 4.81 wt % at 2.5 ns͒. One can expect that the effect of the increasing polymer concentration in the target may accumulate in the course of repetitive multipulse irradiation, especially at low laser fluences, close to the ablation threshold, and for targets with low initial polymer loading. As the concentration of polymer molecules in the surface region of the target increases, a polymer density gradient may hamper the evaporation of the volatile matrix vapor generated in a subsurface region, leading to the formation of voids, bubbles, and overall swelling and foaming of the target, as observed in a recent MAPLE experiment 69 and commonly reported for laser ablation of polymers and biological tissues. [65] [66] [67] [68] This scenario has a common origin with the formation of a polymer density gradient acting as a barrier for solvent evaporation from a solvent-polymer system 101 investigated in recent MD simulations, 102 as well as with the generation of transient "molecular balloons" revealed in the simulations of the evolution of matrix-polymer droplets ejected in MAPLE. 32 In addition to the direct effect on the mechanisms of molecular ejection, the compositional and morphological changes in the surface region can have implications on optical properties of the surface, thermodynamic properties of the laser-modified target material, and even heat transfer mechanisms in the heat-affected region of the target.
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VI. DISCUSSION OF THE IMPLICATIONS FOR MAPLE
The development of MAPLE technique has been driven by the desire to achieve deposition of ultrathin homogeneous organic films with precise thickness control and minimum modification of the chemical structure and functionality of the deposited molecules. Thus, two main objectives of MAPLE are as follow: ͑1͒ to avoid photochemical and photothermal molecular fragmentation ͑bond scission͒, characteristic for PLD, and ͑2͒ to achieve deposition of highly uniform thin films that cannot be produced by solvent-based coating methods. These objectives are thought to be met by achieving a soft matrix-assisted ejection and deposition of individual molecules with minimal thermal or photochemical fragmentation.
The simulations presented in this paper do support the notion of minimal chemical modification of polymer molecules in MAPLE film deposition, also confirmed in a recent MALDI mass spectrometry analysis of poly͑3-hexylthiophene͒ ͑P3HT͒ films deposited by MAPLE. 27 Indeed, we do not detect any photothermal bond scission events in any of the simulations performed for polymer concentrations up to 6 wt % and laser fluences up to more than twice the ablation threshold. Although more violent phase explosion at higher fluences or stronger polymer entanglement at larger polymer concentrations may cause some bondbreaking reactions, the fraction of the broken bonds would still be significantly smaller than in the ablation of polymer targets in PLD. In fact, the purely photothermal model for laser ablation of polymer targets stipulates a certain critical number of broken chemical bonds for the initiation of the ablation process, e.g., Refs. 103-105. In recent MD simulations of polymer ablation 106 it was found that in the thermal regime, without direct photofragmentation reactions, the critical number of broken chemical bonds is about 10% even for small PMMA molecules ͑19-mers͒. The critical fraction of the broken bonds is likely to be higher for polymers with higher molecular weight, as suggested by recent experimental investigations. 67, 107 Thus, while the dissociation of chemical bonds appears to be unavoidable in PLD, MAPLE technique provides an attractive opportunity for deposition of polymer molecules without any significant chemical modification and reduction of the molecular weight.
Another premise of MAPLE, the fabrication of smooth films through molecule-by-molecule deposition, appears to be more challenging, if not impossible, to achieve. Our simulations show that polymer molecules are always ejected as parts of matrix-polymer clusters with a broad cluster size distribution. The ejection of molecular clusters and droplets is inherently connected to the basic mechanism of laser ablation-explosive decomposition of a surface region of the target overheated up to the limit of its thermodynamic stability. The simulations predict that the "phase explosion" proceeds through the formation of a foamy transient structure of interconnected liquid regions that subsequently decomposes into a mixture of liquid droplets and gas-phase matrix molecules. Smaller clusters tend to originate from the upper parts of the emerging ablation plume, whereas larger droplets are lagging behind and tend to have smaller ejection velocities, but all of these clusters/droplets are unavoidable products of the collective material ejection process ͑ablation͒.
The presence of polymer molecules in MAPLE targets stabilizes the transient liquid structures generated in the explosive disintegration of the overheated matrix, increases viscosity of the liquid, and facilitates the formation of intricate elongated structures that can either reach the substrate and contribute to the roughness of the deposited film or remain at the target, leading to the formation of complex surface morphology. Although the results of the simulations go against the original notion of the ejection and transport of individual polymer molecules in MAPLE, 1-3 they provide an explanation for the significant surface roughness often observed upon close examination of the deposited films, e.g., Refs. 11, 14, 18, 24, 25, and 27-32. Moreover, the unusual elongated shapes of the deposited surface features 18, 30, 87 can be related to the formation and ejection of long filaments observed in the simulations. The ejection of the filaments becomes more pronounced with increasing polymer concentration in the target.
The wrinkled "deflated balloon" surface features, observed in recent MAPLE experiments, 18, 30 can also be explained based on the ejection of large matrix-polymer droplets predicted in the simulations. 32 It has been demonstrated in a series of targeted MD simulations that an internal release of the matrix vapor in a large matrix-polymer droplet is capable of pushing the polymer molecules to the outskirts of the droplet, thus forming a transient molecular balloon expanding under the action of the internal vapor pressure. Active evaporation of matrix molecules from the surface of the droplet contributes to the formation of a polymer-rich surface layer, hampering the escape of the remaining matrix molecules. Following the deposition of the molecular balloon on a room-temperature substrate, the volatile matrix material enclosed by a polymer-rich layer expands and makes escape passes through the polymer layer, leaving behind characteristic wrinkled polymer structures. This scenario is schematically illustrated in Fig. 14 and discussed in more detail in Ref. 32 .
The following important practical question follows from the above discussion of the simulation results. Is it possible to avoid or minimize the deposition of molecular clusters in MAPLE and achieve a molecule-by-molecule deposition of ultrathin polymer films without any significant roughness by selecting an appropriate set of MAPLE parameters? Below we briefly discuss some of the possible directions aimed at eliminating or minimizing the cluster ejection in MAPLE.
͑I͒
An increase in the laser pulse duration may result in the rates of laser energy deposition commensurate with the surface evaporation regime. While evaporation from the surface would not involve cluster ejection, the evaporating matrix molecules are unlikely to entrain any polymer molecules. Indeed, in MALDI experiments measuring both directly ejected ions and postionized neutral molecules, the neutral matrix molecules are observed at lower laser fluences as compared to the analyte molecules ͑and ions͒. 77 Computational investigations of MALDI mechanisms 40 provide explanation of these observations by suggesting that the ejection of large analyte molecules can only take place above the threshold for collective ejection of matrix ͑ablation͒, whereas evaporation of matrix molecules starts at significantly lower fluences. Another analogy illustrating the inability of evaporation to provide conditions for molecular entrainment can be drawn to buffer-layer-assisted methods for deposition of metal clusters and laser patterning. [108] [109] [110] In these methods, a buffer layer made of frozen inert gas atoms or volatile molecules is exposed to atoms evaporated from a hot source, leading to condensation of small polyatomic clusters of the source material. In the following slow thermal annealing, the buffer layer atoms evaporate around the deposited clusters, leading to the soft landing of the clusters to the substrate. The removal of the clus- 
